Nodulation of legumes is dependent upon the correct combination of rhizobial and plant species. Competition between rhizobial strains within the same species also occurs for a particular host plant. This intraspecies competition depends upon factors such as the genes involved in nodulation, abiotic factors, and biotic factors. The biotic factors include bacteriocins and a variety of compounds synthesized during the symbiotic interaction (see review by Vlassak and Vanderleyden 1997) . This latter group consists of compounds such as the betaine trigonelline (Boivin et al. 1990 (Boivin et al. , 1991 , homoserine (van Egeraat 1975) , certain flavonoids (Hartwig et al. 1991) , and rhizopines.
Rhizopines are novel inositol compounds that are synthesized in root nodules by bacteroids. These compounds are catabolized by the free-living rhizobia that induce the production of the rhizopine (Murphy and Saint 1992; Murphy et al. 1995) . By far the most common rhizopine is 3-O-methylscyllo-inosamine (3-O-MSI) (Murphy et al. 1987) . Strains of rhizobia capable of rhizopine synthesis and catabolism represent approximately 10% of Sinorhizobium meliloti (formerly Rhizobium meliloti) and R. leguminosarum bv. viciae. To date, rhizopines have not been found in other rhizobial species . In the S. meliloti strains L5-30 and Rm220-3 the synthesis (mos) and catabolic (moc) genes have been isolated and shown to be closely linked on the Sym plasmid Saint et al. 1993) . Furthermore, the regulation of the mos genes by the symbiotic regulatory gene nifA indicates that rhizopines are involved in the symbiotic interaction (Murphy et al. 1988; Saint et al. 1993) . Although the mos genes do not enhance nodulation on their own, when in combination with the moc genes they confer a distinct advantage in competition for nodulation (Gordon et al. 1996) .
The mos genes from the S. meliloti strains L5-30 and Rm220-3 have been characterized ) and more recently the moc genes from L5-30 were sequenced (Rossbach et al. 1994) . Four genes, mocCABR, were shown to be required for 3-O-MSI catabolism. The moc genes were ascribed putative roles based on protein homologies deduced from the DNA sequence. It has been proposed that MocB functions as a transport protein, MocA as an inositol dehydrogenase, and MocR as a regulatory protein.
MocC did not have any significant homologies to known proteins but was proposed to be involved in inositol catabolism (Rossbach et al. 1994) .
In our efforts to understand the function of the different rhizopine genes, we have isolated and sequenced the moc gene cluster from a rhizopine-producing strain of R. leguminosarum bv. viciae. We report that for rhizopine catabolism in this species there is a requirement for genes homologous to S. meliloti mocCABR as well as genes constituting a ferredoxinoxygenase catabolic system and genes involved in inositol catabolism.
RESULTS

Localization of the moc genes on the Sym plasmid.
Transfer of the Tn5-mob labeled Sym plasmid of R. leguminosarum bv. viciae 1a (LS2090) into a plasmidless Agrobacterium strain (K749) enabled the transconjugant to catabolize 3-O-MSI (data not shown). Sym plasmid localization of the moc genes was confirmed by probing plasmid gels (Eckhardt 1978) of the transconjugant with nod (pRT181) and moc (pPM1145) probes (data not shown).
Analysis of 1a moc clones.
The rhizopine catabolic (moc) region of R. leguminosarum bv. viciae strain 1a was isolated from a cosmid library by hybridization with the S. meliloti L5-30 moc genes. The plasmid pPM1291 ( Fig. 1) , which is a subclone from the library, contains four adjacent HindIII fragments of 9, 0.3, 0.9, and 3.8 kb. Through catabolism experiments, this plasmid was shown to contain the functional moc genes. To further delimit this region, subclones of the moc locus were prepared and transferred to the Moc -strain, R. leguminosarum 8401(pRL1). Transconjugants were examined for their ability to degrade 3-O-MSI and its demethylated form, SI. Only pPM1291 could confer the ability to catabolize 3-O-MSI. None of the deleted or complementing clone combinations further delimited the 3-O-MSI catabolic region in pPM1291. However, a number of the constructs, either on their own or in combination, could catabolize SI (see Table 1 , Figure 1 ). The minimal complementing clones needed to confer SI catabolism are pPM1305+pPM1296 (Fig. 1) . These cover a 8-kb XhoI-HpaI fragment in the center of pPM1291. Since pPM1235 catabolizes SI and is missing a 2.3-kb HindIII-HpaI fragment from the right of pPM1296, an even smaller 5.7-kb XhoI-HindIII fragment would be sufficient for SI catabolism.
Defining the moc region.
To further define the moc genes, a combination of Tn5-B20 mutagenesis and DNA sequence analysis was used. The plasmid pPM1291 was mutagenized with the transposon Tn5-B20 (Simon et al. 1989) , the position of the transposons mapped, the mutated plasmids transferred into 8401(pRL1), and 3-O-MSI and SI catabolic phenotypes determined. The results of this mutagenesis are shown in Figure 1 . Based on the Tn5-B20 and deletion studies, a fragment of 10,804 nucleic acids was sequenced (Fig. 1) . Within this region, nine putative open reading frames (ORFs) were detected by the programs MAP and CODONPREFERENCE with a Rhizobium leguminosarum data base of codon usage. Based on homologies with the previously identified moc ORFs in S. meliloti, six of the nine ORFs were named mocC, ORF1, ORF2, mocA, mocB, and mocR. The remaining three ORFs were named mocD, mocE, and mocF. The size and position of these ORFs in the DNA sequence is shown in Table 2 .
Genes required for 3-O-MSI catabolism.
Tn5-B20 mutagenesis showed that if the mocCABR and mocD genes are disrupted, 3-O-MSI is not catabolized. If ORF1 and ORF2 are disrupted, 3-O-MSI is still catabolized, showing that these ORFs are not essential. In addition, complementing clones pPM1214 and pPM1311, which incorporate mocCABRD, but not mocE or mocF, did not catabolize 3-O-MSI. The plasmid pPM1291, which lacks the C-terminal end of mocF, could confer the ability to catabolize 3-O-MSI, and a Tn5-B20 insertion in the central region of mocF did not affect 3-O-MSI catabolism. These results indicate that, in addition to mocCABRD, mocE but not mocF is essential for 3-O-MSI catabolism.
Genes required for SI catabolism.
Tn5-B20 mutagenesis indicated that mocA and mocC are the only genes in the moc cluster required for SI metabolism. Simon et al. 1989 This is supported by results obtained with the use of combinations of complementing subclones (Fig. 1) .
DNA sequence analysis of the moc cluster: MocC. A search of sequence data bases indicated that MocC from R. leguminosarum strain 1a has extensive homology (84% identity and 90% similarity) to MocC of S. meliloti L5-30 (Rossbach et al. 1994 ). The R. leguminosarum protein is 30 amino acids shorter than the protein in S. meliloti, lacking residues at both the C-terminal and N-terminal ends. In addition, there is considerable homology (39% identity and 62% similarity) to a partial ORF, E83A, that is part of the myoinositol catabolism iol operon in Bacillus subtilis (Yoshida et al. 1994) . The specific role of E83A has not been characterized in the myo-inositol catabolism pathway. However, E83A is located 6 kb upstream of a gene that encodes an inositol dehydrogenase, E83G (called idh) that has homology to mocA. No other proteins homologous to MocC were found in data bases. It is currently not possible to conclusively predict how mocC is involved in rhizopine catabolism in strain 1a.
ORF1 and ORF2.
Tn5-B20 insertions in the intergenic region between mocC and mocA did not affect the catabolism of SI or 3-O-MSI, indicating that this region is not important for rhizopine catabolism. There are two ORFs in this region, which are transcribed convergently. The first is designated ORF1 and is transcribed in the same direction as mocC. It has 81% identity and 90% similarity at the amino acid level with ORF334 from S. meliloti L5-30. The second ORF is termed ORF2 and is transcribed in the same direction as mocA. The deduced amino acid sequence of ORF2 has 79% identity and 86% similarity with ORF293 from L5-30 (Rossbach et al. 1994) .
The DNA sequence separating ORF1 and ORF2, like those found in the intergenic regions of the other genes, was divergent from that of L5-30. Similar to ORF334 and ORF293, no conserved motif was found within the sequences of ORF1 and ORF2 to predict their possible function. ORF1 showed homology (37% identity, 57% similarity over 240 amino acids) to RdmF from Streptomyces purpurascens, whose function is unknown (Niemi and Mäntsälä 1995) . The glucose-fructose oxidoreductase of Zymomonas mobilis (Kanagasundaram and Scopes 1992) , MocA from L5-30 (Rossbach et al. 1994) , and strain 1a are also homologous to ORF1 in parts of the sequence. ORF2 was found to be homologous (43% identity and 55% similarity) over a 104 amino acid region of CelC in Bacillus stearothermophilus (Lai and Ingram 1993) . This gene encodes a cleavage enzyme for cellobiose phosphate in the cellobiose phosphotransferase system. Although these genes appear not to have a role in rhizopine catabolism, their conservation in both S. meliloti and R. leguminosarum suggests they may have some other role.
MocA.
MocA is located approximately 3 kb downstream of MocC and exhibits strong homology (80% identity and 88% similarity) to the MocA protein in L5-30 (Rossbach et al. 1994 ). MocA homology is also found with the gene product StrI, a glyceraldehyde-3-phosphate dehydrogenase involved in the formation of the inositol-derived compound streptidine from Streptomyces griseus (33% identity and 55% similarity) (Mansouri and Piepersberg 1991) , and the idh gene product that is an inositol dehydrogenase from B. subtilis (24% identity and 47% similarity) (Fujita et al. 1991; Yoshida et al. 1994 ). Both of these gene products contain a conserved motif Gly-X-Gly-X 2 -Gly in their N-terminal end, which is characteristic for NADH-binding βαβ-fold proteins. This evidence suggests that, as for MocA in L5-30, the mocA gene product in strain 1a plays a functional role in the catalysis of an NADH-dependent dehydrogenase reaction involved in rhizopine catabolism.
MocB.
MocB is separated from MocA by 290 nucleotides, a distance very similar to that observed between MocB and MocA in L5-30 (Rossbach et al. 1994) . The deduced amino acid sequence of MocB from strain 1a shows striking similarity (89% identity and 96% similarity) to MocB from S. meliloti strain L5-30. With a GTG start site rather than an ATG further down stream, the deduced amino acid sequence showed an aminoterminal sequence characteristic of a signal peptide sequence and contained a cleavage site at the 20 to 21 amino acid position (Pugsley 1993; Sjöström et al. 1987) . Overall, the signal peptide of strain 1a MocB is closely related to that in strain L5-30. Both the 1a and L5-30 MocB proteins have homology to D-galactose binding protein (MglB; Hogg et al. 1991) , Dribose binding protein (Groarke et al. 1983) , and D-xylose binding protein (Sumiya and Henderson 1989; Sofia et al. 1994) as determined by the program BLAST.
MocR.
The sixth ORF encodes a 488 amino acid protein corresponding to the 493 amino acids that constitute MocR in L5-30. There is 86% identity and 93% similarity between MocR in strain L5-30 (Rossbach et al. 1994 ) and strain 1a. The mocR gene in both strains 1a and L5-30 is located immediately downstream of mocB, with transcription of mocR occurring in the direction opposite to that of mocB. Identical to MocR in L5-30, alanine, glycine, and valine residues occupy positions 42, 46, and 52, respectively in MocR of strain 1a. This putative helix-turn-helix motif is conserved in the amino-terminal end of DNA-binding proteins (Pabo and Sauer 1984) , indicating that MocR may function as a DNA-binding protein.
The search for proteins homologous to MocR showed significant homology (36 to 38% identity and 56 to 62% similarity) between the first 80 amino acid residues of YrdX in Rhodobacter sphaeroides (Neidle and Kaplan 1992) , PtsJ in Salmonella typhimurium (Titgemeyer et al. 1995) , FarR in Escherichia coli (Buck and Guest 1989) , and LldR in E. coli (Dong et al. 1993 ). These proteins have been determined to be transcriptional regulatory proteins belonging to the GntR class of regulators (Haydon and Guest 1991) . However, the remainder of MocR was less homologous (20 to 25% identities) or completely divergent from these proteins. This central and Cterminal portion of MocR from both strains 1a and L5-30 has similarity to unspecified aminotransferases in Sulfolobus sulfataricus (Sensen et al. 1996) and tyrosine aminotransferase in E. coli and B. subtilis (Cosmina et al. 1993) , as well as to many other aminotransferases involving the cofactor pyridoxal phosphate. From these homologies the role of MocR is not totally clear, but it has been suggested to be a regulatory protein (Rossbach et al. 1994 ).
MocD.
The mocD gene is downstream of mocR and consists of 1,083 nucleotides. Tn5-B20 insertion within the gene or deletion of the mocD region results in failure to catabolize 3-O-MSI, although the mutants or deleted subclones are still able to catabolize SI. MocD has regions of notable homology to ω-3 fatty acid desaturases of plants (Yadav et al. 1993 ) and cyanobacteria (Wada et al. 1990 ). The high degree of homology was mainly associated with three highly conserved histidine boxes (Fig. 2A) . The first box, containing His-Glu-Cys-Gly-His, was found in residues 96 to 100. The second box, consisting of His-Ala-Arg-His-His, was detected 31 amino acids distant from the first box, and the third box, His-Val-Glu-His-His, was located 145 amino acids after the second histidine box. The same motifs (HX (3 or 4) H, HX (2 or 3) HH, and HX (2 or 3) HH) have been reported in membrane desaturases of eukaryotes and cyanobacteria as well as from the bacterial membrane enzymes alkane hydroxylase (Kok et al. 1989a (Kok et al. , 1989b and xylene monooxygenase (Suzuki et al. 1991) . Analysis of the hydropathy profile of MocD by the method of Kyte and Doolittle (1982) revealed that the three conserved histidine regions are present in hydrophilic domains (Fig. 2B ).
MocE.
The mocE gene is in the immediate vicinity of mocD and is a short ORF consisting of 315 nucleotides. Deletion analysis showed that this region is essential for 3-O-MSI catabolism. Figure 3 shows the alignment of MocE with ferredoxin components from various species of bacteria. NdoA, a ferredoxin in the naphthalene catabolism system in Pseudomonas putida (Kurkela et al. 1988) , contains 104 amino acids with 40% identity and 60% similarity to MocE. BnzC, a 106 amino acid ferredoxin component involved in the degradation pathway of benzene (Irie et al. 1987 ) has 37% identity and 55% similarity to MocE. MocE also has 37% identity and 55% similarity to a 106 amino acid ferredoxin component involved in the toluene catabolism system in Pseudomonas putida (TodB) (Zylstra and Gibson 1989) . Among these genes, the Cys-X-His and Cys-X2-His motifs, which are characteristic of Rieske-like ferredoxin components involved in hydrocarbon catabolism (Tanaka et al. 1974; Morrice et al. 1988; Neidle et al. 1991) , are conserved.
MocF.
Five base pairs downstream of mocE, and transcribed in the same direction as mocE, is mocF. A mutant with a Tn5-B20 Fig. 2 . A, Conservation of histidine boxes that act as metal-chelating ligands contributing to binding of oxygen in reaction center in the following: mocDRle, MocD from Rhizobium leguminosarum bv. viciae strain 1a; fad3, ω-3 fatty acid desaturase from Arabidopsis thaliana; desA, fatty acid desaturase from Synechocystis spp.; alkB, alkane hydroxylase from Pseudomonas olevorans; and xylM, xylene monooxygenase from Pseudomonas putida. Black dots show conserved histidine residues. Numbers at ends of sequence show positions of start and finish of the boxes. Numbers within the sequence show number of amino acids between histidine boxes. B, Hydrophobicity plot of MocD from R. leguminosarum bv. viciae strain 1a. Hydropathy indices calculated by the method of Kyte and Doolittle (1982) . Conserved histidine regions indicated by horizontal bars. Vertical scale, negative values are hydrophilic regions. Horizontal scale, amino acid position.
insertion located in the middle of mocF was still able to catabolize both SI and 3-O-MSI, (Fig. 1) indicating that this ORF is not crucial for rhizopine catabolism in strain 1a. Comparison of the deduced amino acid sequence of mocF with sequences in the data bases showed considerable homology to a number of ferredoxin-like reductases (Fig. 4) . These reductases have similar modes of action. For example, rhodocoxin reductase (ThcD), from Rhodococcus sp. strain NI86/21 (Nagy et al. 1995) , is involved in the degradation of a thiocarbomate herbicide requiring the participation of a flavoprotein. Fig. 3 . Alignment of deduced amino acid sequence of the following: mocerle, mocE from Rhizobium leguminosarum bv. viciae strain 1a; ndoa, naphthalene 1, 2-dioxygenase system ferredoxin component (NdoA) from Pseudomonas putida; todb, toluene 1, 2-dioxygenase system ferredoxin component (TodB) from P. putida; and bnzc, a ferredoxin component involved in benzene degradation. Residues identical for at least three sequences indicated by black boxes; similar residues shown by gray boxes. Highly conserved cysteine (C) and histidine (H) residues indicated by black dots. Fig. 4 . Alignment of deduced amino acid sequence of the following: mocfrle, MocF from Rhizobium leguminosarum bv. viciae strain 1a; thcd, rhodocoxin reductase (ThcD) from Rhodococcus spp.; cama, putidaredoxin reductase component involved in camphor degradation (CamA) from Pseudomonas putida; toda, ferredoxin reductase component involved in toluene degradation (TodA) from P. putida; bnzd, ferredoxin reductase component involved in benzene degradation (BnzD) from P. putida. Residues identical for at least three sequences indicated by black boxes; similar residues shown by gray boxes. Consensus sequence (Gly-X-Gly-X 2 -Gly-X 3 -Ala-X 6 -Gly) at two different sites shown by black dots. Hhomology extends 240 amino acids farther than shown.
The rhodocoxin reductase and an iron-sulfur protein mediate the transfer of electrons from NADH to P450 to activate an oxygenase reaction. Similarly, CamA from P. putida (Peterson et al. 1990 ) is involved in the degradation of camphor in a manner similar to that of ThcD, but instead utilizes putidaredoxin and putidaredoxin reductase. MocF also has considerable homology with TodA (Zylstra and Gibson 1989) and BnzD (Irie et al. 1987 ) from P. putida, which are involved in toluene and benzene degradation, respectively. Both of these are ferredoxin reductase components that interact with ferredoxin in ring-hydroxylating dioxygenase reactions.
The consensus sequence (Gly-X-Gly-X2-Gly-X3-Ala-X6-Gly) characteristic of ferredoxin-type NAD-dependent enzymes was found at two different sites in mocF, at residue positions 19 to 35 and 161 to 177. Two hydrophobic regions rich in leucine, alanine, and valine are located before and after the consensus sequences that start with a charged residue (Fig. 4) . These features are also present in the enzymes mentioned above (Hanukoglu and Gutfinger 1989) . The presence of two NAD-binding motifs in mocF together with considerable homology to ferredoxin reductases suggests that this ORF may encode for ferredoxin reductase in strain 1a. The close proximity of mocF to the putative ferredoxin encoding gene, mocE, also supports this hypothesis.
The involvement of inositol catabolism genes in rhizopine degradation.
The similarity in structure between 3-O-MSI and inositol suggests inositol catabolic pathways may also be involved in rhizopine catabolism. Accordingly, the moc plasmid pPM1291 was mated into the control strain R. leguminosarum bv. viciae 3841 and into its Tn5-lac derived mutants (RU360 and RU361), which are unable to catabolize inositol (Poole et al. 1994 ). After 5 days of incubation with SI or 3-O-MSI catabolic media it was shown that only strain 3841(pPM1291) could catabolize SI and 3-O-MSI. Strains RU360 and RU361 with or without the moc region were not able to catabolize the rhizopines (data not shown). These results demonstrate that inositol catabolic genes, as well as the moc region, are involved in rhizopine degradation.
In order to determine precisely which genes in the myoinositol degradation pathway are disrupted in RU360 and RU361, Tn5-lacZ and the surrounding region were cloned from both strains and the regions adjacent to the transposon sequence. Sequence analysis indicated that RU361 is mutated in a gene homologous (70% identity over 217 residues) to malonate semialdehyde oxidative decarboxylase from Streptomyces coelicolor, which is involved in the final step of the proposed pathway of myo-inositol degradation (Poole et al. 1994) . The mutation in RU361 inactivates a gene homologous (39% identity over 81 residues) to the iolD gene of B. subtilis, which codes for acetolactate synthase. This gene is found in the myo-inositol degradation operon of B. subtilis (Yoshida et al. 1997) .
DISCUSSION
The mocCABR genes required for the catabolism of the rhizopine 3-O-MSI in both R. leguminosarum bv. viciae and S. meliloti are highly conserved, whereas the intergenic regions are far less conserved. The spacing and direction of translation of these genes in the two species are also similar. There is also conservation between ORF1 and ORF2 and the equivalent ORFs in L5-30, even though these ORFs are not required for rhizopine catabolism. The assignment of functions for mocCABR was based on homologies consistent with those found by Rossbach et al. (1994) . The proposed roles are as follows: mocA as a NAD(H)-dependent inositol dehydrogenase; mocB as a transport protein; and mocR with a regulatory role. The function of mocC cannot be conclusively determined, although it is interesting that mocC has homology with a gene of unknown function that is linked to inositol catabolic genes in Bacillus subtilis (Yoshida et al. 1994) .
For the degradation of SI, the demethylated form of 3-O-MSI, only mocC and mocA are required. However, for 3-O-MSI catabolism, the mocCABRDE genes are all necessary, suggesting that the catabolism of 3-O-MSI proceeds via SI. Since SI and 3-O-MSI are not catabolized in inositol-catabolic mutants of R. leguminosarum, other genes, besides those in the moc cluster, are required for rhizopine catabolism.
The moc oxygenase system.
The oxidation reactions of aromatic hydrocarbons (such as toluene, benzene, and xylene) are similar in that the initial reaction is carried out by the association of three protein components: an oxygenase, a ferredoxin, and a ferredoxin reductase. Basically, two electrons from NAD(P)H are transferred to a ferredoxin reductase. The reduced flavoprotein transfers electrons to a [2Fe-2S] ferredoxin, and finally the electrons are transferred from ferredoxin to the oxygenase component (Harayama and Kok 1992) . MocDE and F show highly conserved motifs for this three-component system.
MocD: a putative oxygenase.
Analysis of Tn5-B20 mutants and deletion studies within the moc region of strain 1a indicate that the mocD gene is involved in the catabolism of 3-O-MSI but not SI. MocD has homology to fatty acid desaturase enzymes from plants and cyanobacter, and to monooxygenases involved in the catabolism of hydrocarbons. The homologous regions are largely confined to regions around characterized histidine boxes (HX (3 or 4) H, HX (2 or 3) HH and HX (2 or 3) HH) that are present in hydrophilic regions. The histidine residues are proposed to act as ligands for the iron atoms embodied in these enzymes, which contribute to the binding of oxygen in the reaction center (Shanklin et al. 1994) .
The spacing of the histidine residues more closely corresponds with the fatty acid desaturases that are involved in the introduction of the second and third double bonds into fatty acids (Sato et al. 1986; Yadav et al. 1993 ), yet it is difficult to conceive how this reaction could be involved in rhizopine catabolism. The more likely role would be similar to that reported for alkane hydroxylase (AlkB) (Kok et al. 1989b ) and xylene monooxygenase (Suzuki et al. 1991) enzymes. Both of these enzymes are monooxygenases that are involved in the breakdown of aromatic hydrocarbons, albeit in different reactions. AlkB from Pseudomonas oleovorans introduces molecular oxygen into the terminal carbon atom of aliphatic hydrocarbons, which opens up the aromatic ring in the degradation of n-alkanes (Ueda et al. 1972; Kok et al. 1989b ). The xylene monooxygenase (XO) that is encoded by the closely linked genes xylA and xylM of P. putida is a TOL plasmid (pWW0) hydroxylase that incorporates one atom of oxygen into the methyl side chain of toluene or xylene (Suzuki et al. 1991) . This oxidizes it to carboxylic acid, which can be further catabolized via the Krebs cycle (Worsey and Williams 1975) .
The oxidation of a methyl side group in the xylene monooxygenase system resembles the manner in which 3-O-MSI is converted into SI. It is therefore proposed that MocD functions as an oxygenase for the conversion of 3-O-MSI to SI, which can then be further catabolized by other genes in the moc cluster.
MocE: a putative ferredoxin.
The ferredoxin component usually consists of a small protein of around 100 amino acids with conserved Cys-X-His and Cys-X2-His regions (Neidle et al. 1991 ). This motif is present in MocE, which is immediately downstream of mocD. Similar to the ferredoxin components for oxygenase systems involved in the catabolism of naphthalene, benzene, and toluene (NdoA, BnzC, and TodB1, respectively) MocE contains a threonine (T) residue in the first conserved cysteine-histidine box (Erickson and Mondello 1992) . It is therefore reasonable to assume that MocE encodes a ferredoxin-like component that provides the required electrons for the oxidation of the methyl side chain in 3-O-MSI.
Ferredoxins are low molecular weight, non-haem iron proteins acting as electron donors in a range of electron transport chains. They possess characteristic motifs of cysteine residues that act as ligands for iron-sulfur clusters. The positioning of the cysteine residues is important in defining the structure and properties of the iron-sulfur chromaphore (Stout 1982) . In plant, algal, and halobacterial ferredoxins there is a nearly invariant structure of C-X 4 -C-X 2 -C-X 29 -C (see Meyer et al. 1986 ). Typical bacterial (clostridial)-type ferredoxins contain two cysteine motifs with the sequence of C-X 2 -C-X 2 -C-X 3 -C (George et al. 1985) . Distinct from this, nif-associated ferredoxins have the spacing of C-X 2 -C-X 8 -C-X 3 -C in the second motif. The FdxN gene in S. meliloti Masepohl et al. 1992) , which is essential for symbiotic nitrogen fixation, and its homolog in R. leguminosarum (Grönger et al. 1988 ) also have this nif-like ferredoxin structure. In ironsulfur proteins such as those found in Neurospora crassa (Harnisch et al. 1985) , four cysteines are arranged in two pairs, C-X 4 -C and C-X-C. Distinct from these, P. putida contains a new class of [2Fe-2S] Rieske-like ferredoxins involved in the catabolism of benzene (Morrice et al. 1988; Tan et al. 1993 ) with a conserved sequence, C-X-H-X 15 -17 -C-X 2 -H, that is also present in MocE. The type of ferredoxin component involved in the catabolism of rhizopines is more similar to those involved in hydrocarbon catabolism than to those involved in electron transfer in nif reactions. A Rieske oxygenase-like component has also been shown to be involved in the catabolism of stachydrine in S. meliloti (M. Burnet and D. Tepfer, personal communication).
Moc F: a putative ferredoxin-like reductase.
The mocF gene is likely to be cotranscribed with mocE, since it is 4 bp downstream and does not possess a recognizable Shine-Dalgarno sequence. The sequence shows similarity to a ferredoxin reductase, the third component of oxygenase systems. Two copies of the consensus sequence (G-X-G-X 2 -G-X 3 -A-X 6 -G) that is characteristic of NAD-binding ferredoxin reductases (Hanukoglu and Gutfinger 1989) are present in MocF. These regions are proposed to be the site of interaction of both the flavin moiety and the NADH electron donor (Erickson and Mondello 1992) . The function of all these enzymes is to transfer electrons from NADH to the ferredoxin, which in turn transfers them to the oxygenase.
The conserved motif and the close proximity of the oxygenase and ferredoxin components are compelling evidence that MocF provides the ferredoxin reductase to complete the requirement for an oxygenase system. However, MocF has been shown not to be essential for 3-O-MSI catabolism. It is possible that a ferredoxin reductase located elsewhere in the chromosome may substitute for mocF.
The catabolic model for 3-O-MSI.
The following model of a moc oxygenase system is proposed for 3-O-MSI catabolism steps in R. leguminosarum bv. viciae strain 1a. Most likely MocB is a rhizopine-binding protein interacting with chromosomal gene products to import 3-O-MSI into the bacterial cytoplasm. Inside the cell, catabolism of this compound may be carried out through the oxidation of the methyl side chain by sequential activities of MocF (or a similarly encoded protein elsewhere in the genome), MocE, and MocD. In this redox process, electrons from NADH would be transferred to the mocF product (ferredoxin reductase) that passes electrons to MocE as a Rieske-type, iron-sulfur designated ferredoxin. Electrons from ferredoxin would then be transferred to MocD, which would catalyze the oxidation of 3-O-MSI to SI or a closely related compound. Although the regulatory mechanism is not clear, it appears that this oxidation process may be performed under the regulation of MocR in R. leguminosarum bv. viciae strain 1a, since this protein is required for 3-O-MSI catabolism but not SI catabolism. In this regard, it is interesting that MocR shows significant homology to ORFT2 in Rhodobacter sphaeroides (Neidle and Kaplan 1992) , which is assumed to be a transcriptional regulator located adjacent to rdxA, a fixG homolog, and which encodes a bacterial-type ferredoxin. SI or a related compound formed in the first step of degradation may then be catabolized by MocA, which is an NAD(H)-dependent dehydrogenase, and by MocC. Although the enzymatic role of MocC is unknown, it is proposed that this gene product, in association with inositol-catabolic genes that are located elsewhere in the chromosome, completes the steps of rhizopine catabolism.
The model raises the question as to why 3-O-MSI catabolism requires MocB, the putative transport protein, whereas SI catabolism does not. MocB shares homology with sugarbinding periplasmic proteins, which possess signal peptides and serve as recognition units for membrane-bound proteins involved in the active transport of compounds into cells (Ames 1986 ). The specificity is considered to reside in the Cterminal end of the protein (Müller-Hill 1983) and closely related compounds often require different binding proteins (Deshusses and Reber 1977) . It is therefore conceivable that SI can be transported into the cells via a transporter, possibly involved in the myo-inositol system, while MocB transports 3-O-MSI.
The complete catabolic process is not yet known. It is possible the oxygenase step in the conversion of 3-O-MSI to SI could involve the transient formation of the formaldehyde hemiketal of SI in a manner similar to the conversion of the methyl group to an alcohol group of toluene controlled by XylMA (Assinder and Williams 1990) .
These studies indicate an absolute requirement for the inositol catabolism pathway in the breakdown of 3-O-MSI. One of the mutations used in this study is in malonate semialdehyde oxidative decarboxylase, which converts malonic semialdehyde co-enzyme A and NAD + to acetyl-CoA, CO 2 , and NADH+H + in the final step in the proposed pathway of myo-inositol (Anderson and Magasanik 1971) . The other inositol pathway mutant inhibiting rhizopine catabolism disrupts acetolactate synthesis, suggesting acetolactate may need to be synthesized from pyruvate for degradation of myo-inositol.
The model proposed outlines at least six genes in the moc cluster; however, these genes do not function alone, as other genes associated with transport and inositol catabolism must be involved in rhizopine catabolism. The process of utilizing pre-existing pathways appears to be characteristic of both the rhizopine moc and mos genes.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media.
Bacterial strains and plasmids are described in Table 1 . Rhizobium strains were grown at 28°C on TY medium (Beringer 1974) . E. coli strains were grown at 37°C on Luria-Bertani or Terrific Broth media (Sambrook et al. 1989) . When required, antibiotics were added to the medium at the following concentration (in µg/ml): rifampicin 100, kanamycin 200, streptomycin 200, and tetracycline 10 for Rhizobium; and kanamycin 25, tetracycline 10, and ampicillin 100 for E. coli. For solid media, 1.5% agar was added.
Microbial techniques.
To generate moc mutants, plasmid pPM1291 was mutagenized with the Tn5-B20 transposon (Simon et al. 1989) . For this purpose, CsCl-purified DNA of pPM1291 was transformed into E. coli A118 bearing the chromosomally inserted Tn5-B20 (Surin et al. 1990 ) and transformants selected on kanamycin and tetracycline. The mutated plasmids were first transferred to S. meliloti Rm1021 by triparental mating with the helper plasmid pRK2013, with selection on GTS medium containing kanamycin and tetracycline. The position of transposons was mapped by restriction enzyme digestion. For rhizopine catabolism tests plasmids were isolated, transformed into E. coli, and mobilized into a noncatabolizing strain, R. leguminosarum 8401(pRL1).
The Tn5-mob labeled Sym plasmid was transferred to A. radiobacter K749 with the helper plasmid pJB3JI.
General DNA techniques.
DNA manipulations were as described by Sambrook et al. (1989) and the Promega Protocols and Applications Guide (Promega, Madison, WI). DNA fragments were isolated and purified from agarose gels with the Geneclean kit (BIO 101, La Jolla, CA) or with homemade Sephadex columns (Wang and Rossman 1994) . pGEM DNA containing inserts for sequencing was CsCl purified and acid phenol extracted (Promega) to remove nicked and linear DNA. This DNA was treated with exonuclease III and size selected on agarose gels to obtain overlapping regions for sequencing. A modified mini alkaline lysis/PEG precipitation procedure (Applied Biosystems, Foster City, CA) was used to isolate template DNA for sequencing. For hybridization studies, DNA was transferred by Southern blotting onto Boehringer-Mannheim positively charged membranes (Boehringer-Mannheim, Mannheim, Germany) and fixed by baking for 30 min at 120°C. Digoxigenin (DIG)-labeled probes were prepared by random primed incorporation of DIG-labeled dUTP with a preparative kit (BoehringerMannheim). Membranes were washed twice in 2× SSC (1× SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.1% sodium dodecyl sulfate (SDS) at room temperature for 5 min, then twice in 0.1× SSC, 0.1% SDS at 65°C for 20 min. DIG-labeled DNA was detected with the chemiluminescent substrate AMPPD (3-[2′-Spiroadamantane]-4-methoxy-4-[3′′-phosphoryloxy]-phenyl-1, 2-dioetane), according to the manufacturer's instructions (Boehringer-Mannheim), using autoradiography.
DNA sequence determination.
The moc region of R. leguminosarum bv. viciae strain 1a was sequenced in both directions by preparing subclones derived from plasmid pPM1291 (Table 1) . Cloned DNA from plasmids pPM1309 and pPM1314 was used for sequencing in one direction, and pPM1319, pPM1340, and pPM1343 for sequencing in the opposite direction. These plasmids were subjected to controlled exonuclease III digestion (Erase-a-base system, Promega) to generate nested deletions, which were then sequenced by the dideoxy method (Sanger et al. 1977) with the M13 forward or reverse sequencing primer. Sequence reactions were performed with the PRISM Ready Reaction Dye Primer Cycle Sequencing Kit (Applied Biosystems) and were analyzed by an Applied Biosystems 373A automated DNA sequencer as described by the manufacturer. To fill in sequencing gaps, 20-bp oligonucleotides from the previously determined sequence were synthesized and used as primers for DyeDeoxy terminator sequencing reactions (Applied Biosystems) as described by the manufacturer. The oligonucleotides were purified in two steps by ion-exchange on a MonoQ column (Amersham-Pharmacia Biotech, Uppsala, Sweden) with a gradient elution at pH 13 and 1:1 ethanol:acetone.
For identification of the genes mutated in RU360 and RU361, the region surrounding the transposon was cloned and subclones sequenced with the universal, reverse, or primer p113 (aggtcacatggaagtcagatc), which binds to the end of IS50.
DNA sequence analysis.
Sequencing data were aligned and analyzed with the Sequence Editor v1.03 (Applied Biosystems) and DNA Strider personal computer programs. Similarities between pairs of nucleic acid and amino acid sequences were carried out with the GCG (Genetics Computer Group, Madison, WI) version 7.0 suite of programs (Devereux et al. 1984 ).ORFs were determined by the CODONPREFERENCE and MAP programs. DNA and protein data base searches were performed with the BLAST and BESTFIT programs (Altschul et al. 1990 ). Sequences were aligned with the program PILEUP.
Nucleotide accession number.
The GenBank nucleotide accession number for the R. leguminosarum bv. viciae strain 1a mocCABRDEF gene cluster is AF076240.
Rhizopine catabolism tests.
To examine rhizobial strains for catabolism of SI and 3-O-MSI, the strains were grown in TY medium with aeration at 28°C. After 36 h the absorbence (580 nm) of each culture was read and 500 µl of the culture was harvested by centrifugation. The pelleted cells were washed with 0.85% NaCl and resuspended in Bergersen's minimal medium (Bergersen 1961) . The optical density (OD) adjusted to 0.5 and 200 µl of the prepared cells was then mixed with 5 µl of SI or 3-O-MSI (as a sole carbon source) in sterile polystyrene tubes (Elkay Products, Shrewsbury, MA) and the cultures were shaken at 28°C for 3 days. All treatments were performed at least twice and a bacterial strain able to catabolize rhizopines (Moc + ) and a strain unable to catabolize rhizopine (Moc -) were used as controls. Standards of 3-O-MSI and SI were applied to the chromatogram. Rhizopine catabolic activity of strains was determined by high voltage paper electrophoresis (HVPE) of the incubation medium; disappearance of the rhizopine indicated catabolism had occurred. For this purpose, 4-µl aliquots of the test samples were briefly centrifuged in a bench top centrifuge and the supernatant applied to the center of Whatman 1 Chr chromatography paper. After the aliquots were dried with cool air, the loaded paper was saturated with formic/acetic acid buffer (28.4 ml of 98% formic acid, 59.2 ml of glacial acetic acid in 1 liter of water, pH 1.75) and electrophoresed for 20 to 45 min at 3,000 V in formic/acetic acid buffer with distilled perchloroethylene as the inert buffer. The paper was dried and stained with 0.4% AgNO 3 in acetone. After air drying, the paper was submersed in 2% NaOH in ethanol and then gently steamed until brown spots corresponding to rhizopine standards appeared. The paper was dipped in thiosulfate fixative (sodium thiosulfate 100 g and sodium metabisulfate 15 g in 1 liter of water) and washed in gently flowing tap water for 1 to 2 h. SI was synthesized by the protocol of Anderson and Lardy (1950) as described previously (Saint et al. 1993) .
3-O-MSI was purified from nodules as described (Murphy et al. 1987 ) except that nodule extracts were prepared in H 2 O instead of HCl. Nonspecific substrates were removed by biological enrichment and cation exchange chromatography, with the concentrated rhizopine being filter sterilized. The amount of rhizopine added to the catabolic tests was such that the final concentration in a 4-µl sample gave an easily visible spot after HVPE and AgNO 3 staining. This represents a final concentration of approximately 200 µg/ml.
